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MinireviewDiversifying Neural Cells through
Order of Birth and Asymmetry of Division
Asymmetric Cell Division and Birth Order Act
in Concert in Drosophila
While how a neuron’s birth date determines its fate dur-
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Yale University ing mammalian neurogenesis remains virtually un-
New Haven, Connecticut 06511 known, studies in Drosophila have begun to unravel
the underlying molecular mechanisms. In the Drosophila
CNS, most neurons and glia arise from 30 individually
identifiable, segmentally reiterated neuroblasts. Each
neuroblast divides repeatedly like stem cells to bud offA key question in developmental neurobiology is how
ganglion mother cells (GMC), which then divide, oftenthe diversity of cell types that make up the mature
asymmetrically, to generate two differentiated neuralnervous system are generated from a common set of
cells. Moreover, each GMC within a neuroblast lineageprogenitor cells. Drosophila genes governing temporal
can be uniquely defined by the differentiated offspring itcell fate determination and asymmetric cell divisions
produces, thereby making Drosophila CNS an attractiveinvolving numb may represent evolutionarily con-
system to study temporal aspects of neurogenesis.served mechanisms for regulating cell fate diversifica-
Neuroblasts within a given segment are born asyn-tion in the developing nervous system.
chronously, and therefore, a late-born neuron in one
lineage may emerge earlier than an early-born one from
another. However, all the neuroblasts, whether early or
A key goal of developmental neurobiology is to under-
late forming, sequentially express four nuclear transcrip-
stand how distinct neurons and glia arise from seemingly
tion factors, Hunchback (Hb), Kru¨ppel (Kr), Pdm, and
indistinguishable populations of progenitor cells at the
Castor (Cas), during their first four divisions, and theonset of neurogenesis. In this minireview, I will summa-
expression profile present at their birth is maintained inrize recent work from both vertebrate and invertebrate
the GMCs and their differentiated progeny (Figure 1)systems related to the role of asymmetric cell division
(Kambadur et al., 1998; Isshiki et al., 2001). A series ofand temporal regulation of cell fate determination and
elegant genetic manipulations by Isshiki and colleaguessuggest that these two processes, which have been
demonstrated that this transient expression in neuro-mainly considered as separate mechanisms, may act
blasts not only correlates with the birth order but isin conjunction to mediate cellular diversification in the
also required for generating the respective differentiatednervous system.
offspring (Isshiki et al., 2001). For example, loss of HbBirth Order Correlates with Neural Cell Fates
causes specific loss of first-born neural cells, accompa-In virtually all regions of the developing mammalian CNS,
nied sometimes by a duplication of second-born ones.neurons are generated through sequential rounds of di-
Conversely, forced continuous expression of Hb canvisions of progenitors derived from multipotential neuro-
lead to reiterated first-born cells. The same is true forepithelial cells. Each division of a progenitor generates
Kr with regard to second-born neural cells.two daughter cells. In some cases, both daughters con-
Whereas sequential expression of temporal cell fatetinue to divide as progenitors generating daughters of
determinants can nicely account for how distinct GMCtheir own. In other cases, one or both of the daughters
fates are specified within each neuroblast lineage, itexit the cell cycle and differentiate. This process of se-
cannot explain how each GMC produces two distinctquential cell divisions is temporally regulated. For in-
differentiated cells. Parallel experiments in Drosophilastance, in the neocortex, neurons are organized into six
have demonstrated a critical role for asymmetric segre-distinct layers roughly parallel to the cortical surface.
gation of cell fate determinants in such divisions. ThisBirth dating experiments show that cortical neurons are
has been most clearly demonstrated in the Drosophilagenerated in an “inside-out” fashion: neurons occupying
peripheral nervous system (PNS), where Numb protein,deeper layers of the mature neocortex are generated
a cytoplasmic cell fate determinant, initially distributesfirst, followed by those in more superficial layers, which
have to migrate past earlier-born neurons. Since neu- symmetrically in dividing neural precursor cells but be-
rons in each layer have distinct morphologies, connec- comes asymmetrically localized to only one-half of the
tions, and physiological properties, these experiments cell membrane by metaphase and, as a result, is segre-
also suggest a precise correlation between birth date gated primarily to only one daughter cell (Rhyu et al.,
and neuronal fate. Moreover, lineage tracing experi- 1994). In the Drosophila CNS, the asymmetric localiza-
ments show that a given cortical progenitor cell can tion of Numb and the orientation of neuroblast divisions
generate multiple neurons that occupy different layers, are coordinated to allow the segregation of Numb during
indicating that this correlation reflects the ability of pro- each division to only the GMC daughter, which in turn
genitor cells to divide asymmetrically to produce distinct segregates Numb asymmetrically to only one of its
neurons in a temporal order rather than the presence daughter cells (Figure 1) (Buescher et al., 1998). While
of laminar-specific progenitor populations. Numb appears to play no role in fate choices between
neuroblast and GMC, it is essential for diversifying GMC
progeny (Buescher et al., 1998; Lear et al., 1999).*Correspondence: weimin.zhong@yale.edu
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Figure 1. Concerted Actions of Temporally Restricted Cell Fate De-
terminants and Numb-Mediated Asymmetric Cell Division Can Ac-
count for How a Drosophila Neuroblast Generates Different Neural Figure 2. A Molecular Framework for How Different Cell Types Can
Cells in Successive Divisions Emerge in Successive Divisions by a Neural Precursor Cell
Differential presence of temporal cell fate determinants and Numb
(in red) provides unique cellular contexts for different daughter cells
to choose differently among the fate options specified by a lineagePan-Neural Programs for Cell Fate Diversification
or positional cue by interpreting such instructive signals differently.Clearly, both temporally regulated mechanisms and
asymmetric cell division contribute to the generation of
the full spectrum of neural cell types in the Drosophila cell inheriting it to counter this instruction, thereby
adopting a lineage-dependent alternative fate (SpanaCNS. Do they share anything in common? One feature
shared by both mechanisms is that they both appear to and Doe, 1996). Using an in vitro culture system, they
showed that when MP2 cells were cultured in isolation,be rather general mechanisms and are not restricted to
specific cell types or lineages. Hb-dependent first-born both daughter cells became dMP2, a phenotype similar
to that of Notch loss-of-function mutants. However,GMCs are a diverse group of precursors capable of
producing nearly all neural cell types (Isshiki et al., 2001). when fully surrounded by other cells, the normal vMP2
and dMP2 lineage occurred at high frequency. Consis-Numb similarly specifies many fates. Numb can also
specify distinct neuronal subtypes, as is observed in tently, Lear and colleagues showed that when GMC 1-1a
and 4-2a failed to divide, they adopted the fate normallyMP2 neuroblasts, which divide only once to produce
two interneurons, dMP2 and vMP2. Numb is necessary chosen by their Numb-inheriting daughter cells (aCC
and RP2, respectively). When Numb was also absent,and sufficient to promote the dMP2 fate (Spana and Doe,
1996). In the PNS, it promotes the fate of a secondary however, they became pCC and RP2sib instead. More-
over, in Delta mutants, reintroducing Delta protein in theprecursor, a neuron and a hair cell in successive asym-
metric divisions during sensory organ formation (Rhyu surrounding mesoderm alone was sufficient to rescue
the aCC/pCC fate decision (Lear et al., 1999).et al., 1994).
Therefore, unlike more conventional determinants Precisely how temporal regulatory proteins determine
cell fate has yet to be elucidated. It is neverthelessthat usually specify only a limited number of cell fates,
genes for temporal regulation and asymmetric division tempting to speculate that, by acting in concert with
asymmetrically segregated fate determinants likeoperate in the entire developing nervous system and
endow numerous fates with no apparent class, lineage, Numb, they are integral parts of a pan-neural mechanism
for diversifying neural cells that share lineage identities.or physiological similarities. How can this be accom-
plished molecularly? Based on observations that changes In this scenario (Figure 2), their combinatorial effect pro-
vides a unique cellular context for cells to respond differ-in Notch activity invariably cause phenotypes opposite
to that of Numb and that numb and Notch double mu- ently to the same instructive (lineage and/or positional)
signals. By superimposing a similar pan-neural mecha-tants exhibit Notch mutant phenotypes, it has been pos-
tulated that Numb determines cell fate by antagonizing nism on region-specific, inductive signals generated
through spatial patterning during mammalian neurogen-Notch activity in the cell that inherits it, resulting in a
bias in Notch-mediated cell-cell communication (Guo et esis, one can envision an attractive way to account for
how neurons sharing class and regional identities areal., 1996; Spana and Doe, 1996). In other words, rather
than conferring a specific fate, Numb simply enables further diversified into distinct subtypes.
Conservation of Numb Functionthe two daughter cells to choose differently between
two fate options predetermined by instructive signals in Mammalian Neurogenesis
Two numb homologs, m-numb and numblike (nbl), haveinherent in each lineage. How Numb protein inhibits
Notch signaling remains largely unknown, but recent been identified in mice, and an obvious question is
whether the role of Numb proteins is mechanisticallyfindings point to an intriguing possibility that it may be
accomplished by modulating the endocytosis of Notch conserved in vertebrates. While early work on m-numb
and nbl led to some confusing and even inconsistent(Santolini et al., 2000; Berdnik et al., 2002).
If Numb only makes daughter cells different, how does indications as to the role for Numb proteins, more recent
examinations have suggested that mechanisms similara daughter cell decide which fate to choose? Findings
by Spana and Doe suggest that the surrounding environ- to those operating in Drosophila likely also apply to the
vertebrate nervous system (Petersen et al., 2002; Shenment, through cell-cell interactions mediated by Notch
and its ligand Delta, provides the instruction for daugh- et al., 2002).
Several groups have postulated that vertebrate Numbter cells to choose one predetermined fate, whereas
Numb, owing to its ability to inhibit Notch, enables the homologs are essential for asymmetric divisions that
Minireview
13
generate a neuron and a daughter progenitor cell, an nbl mutant mice also conditionally mutant for m-numb
in the nervous system (conditional double knockout orattractive mechanism for maintaining progenitor cells
(Zhong et al., 1996, 1997; Verdi et al., 1999; Wakamatsu cDKO), however, are difficult to reconcile with this inter-
pretation, since these cDKO mice show a nearly com-et al., 1999). There are, however, contrasting views as
to whether Numb homologs promote the progenitor or plete depletion of progenitor cells shortly after the onset
of neurogenesis due to neuron overproduction at theirthe neuronal daughter fate, largely due to apparent dif-
ferences in the subcellular localization of Numb proteins expense (Petersen et al., 2002).
Therefore, the neurogenesis defects exhibited byin dividing neural progenitor cells in different species.
In mice, m-Numb is localized to the apical cell mem- cDKO embryos are consistent with the hypothesis that,
during the initial progenitor versus neuronal fate deci-brane, and, based on this localization, we postulated
that during the initial progenitor versus neuronal fate sion, Numb functions to promote the progenitor fate
(Zhong et al., 1996). Other causes, such as neural pro-decision, Numb is segregated to and promotes the fate
of the progenitor daughter (Zhong et al., 1996). In addi- genitor cells undergoing cell death or becoming quies-
cent or defective in cell cycle progression, should affecttion, m-Numb and Nbl are expressed, at later stages of
neural development, leading to a model whereby neuron production negatively, resulting in fewer neu-
rons, both in absolute numbers and as a percentage ofm-Numb and Nbl also promote neuronal differentiation
but only after the neuronal fate has been specified the neuroepithelial cells. Moreover, whereas neurons
are overproduced initially in the cDKO, they undergo(Zhong et al., 1997). Studies by Verdi and colleagues
suggested that the two functions could be mediated programmed cell death shortly after birth, which sup-
ports the notion that m-Numb and Nbl may have anby different m-Numb isoforms (Verdi et al., 1999). In
contrast, chick Numb (c-Numb) has been observed to additional role later in neuronal differentiation. These
defects are difficult to account for if Numb homologslocalize basally in chick neuroepithelial cells, leading
Wakamatsu and colleagues to propose that vertebrate promote only the neuronal fates (Wakamatsu et al., 1999;
Zilian et al., 2001). In addition, these results are consis-Numb proteins promote the neuronal fate in such asym-
metric divisions (Wakamatsu et al., 1999). Later studies tent with findings from in vivo c-Numb overexpression
studies performed in chick where overexpression ofin rat and chick retina show the same difference in apical
versus basal localization of m-Numb and c-Numb, re- c-Numb leads to both a reduction in the number of
neurons and an increase in the number of progenitorsspectively (Cayouette et al., 2001; Silva et al., 2002).
Two groups generated m-numb mutant mice, but the (Wakamatsu et al., 1999).
So how does one account for the apparent discrep-reported neurogenesis defects are contradictory (Zhong
et al., 2000; Zilian et al., 2001). While Zilian and col- ancy between in vitro studies using singly cultured neu-
ral progenitor cells, which show m-Numb being segre-leagues reported observing a near absence of motor and
sensory neuron differentiation in E10.5 m-numb mutant gated either randomly or more to the neuronal daughter
(Shen et al., 2002), and the findings from loss-of-functionmice, such phenotypes were not seen in the m-numb
mutant mice generated by our lab. These mice instead studies showing an absolute requirement for Numb ho-
mologs in maintaining virtually all progenitor cells duringshow a mild precocious production of neurons in the
forebrain and no apparent defects in neuronal differenti- embryogenesis (Petersen et al., 2002)? One way of look-
ing at this is similar to the model proposed in Drosophila:ation throughout the nervous system.
In an attempt to resolve some of these discrepancies Numb, rather than specifying a particular fate, enables
the two daughter cells to choose differently betweenand to address whether m-Numb is segregated to the
neuronal or progenitor daughter cell, Shen and col- two fates specified by lineage. Moreover, whereas cell-
cell communication between the two daughter cells mayleagues took advantage of a single-cell culture system
to examine the role of Numb in cortical neuron produc- contribute to making them different, the surrounding
environment likely provides the instructive signal fortion (Shen et al., 2002). In this system, embryonic cere-
bral cortical cells are isolated and cultured singly (at cells to choose correctly one fate over another. Thus,
in singly cultured mouse neural progenitor cells, whichvery low density), thereby enabling their two daughter
cells to be unambiguously identified later. As expected, are deprived of cell-extrinsic, environmental cues,
asymmetric segregation of m-Numb to only one daugh-when m-Numb distribution was examined in these sib-
ling pairs, there is a strong association between the ter cell may be sufficient to make the daughter cells
different but insufficient for them to choose the correctasymmetric presence of m-Numb protein and the asym-
metry in daughter cell fates. Moreover, cortical progeni- fate option, resulting in the appearance of m-Numb be-
ing randomly segregated or into cells that normally dotor cells isolated from m-numb mutant embryos exhibit
a nearly 50% reduction in their ability to generate asym- not inherit it in embryos.
m-Numb and Nbl are expressed throughout the ner-metric daughter pairs. Somewhat surprisingly, however,
in daughter cells from E10 progenitor cells, there is no vous system (Zhong et al., 1996, 1997; Verdi et al., 1999;
Cayouette et al., 2001). It is unclear whether mammaliancorrelation as to which daughter cell inherits m-Numb;
while in asymmetric sibling pairs derived from older (E13 neural progenitor cells also undergo other types of
asymmetric divisions, such as those producing differentand E14) progenitor cells, m-Numb is predominantly in
the neuronal daughter cell (about 80%). types of progenitors or neurons. One interesting finding
by Shen and colleagues pointing to this possibility is thatOne way to interpret these findings is that Numb func-
tion may be different at different stages of development. about 20% of the terminal progenitor divisions generate
two morphologically distinct neurons (Shen et al., 2002).Therefore, an argument can be made that vertebrate
Numb homologs can promote neuronal fates at least in Moreover, there is a strong correlation between asym-
metric presence of m-Numb and differences in the mor-some asymmetric divisions. Recent in vivo studies using
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may instead work together with cell-extrinsic, inductive
signaling. A major challenge, therefore, is to determine
how homologs are used to meet the specific needs of
mammalian neurogenesis. With regard to Numb function
in mammalian neurogenesis, several key issues remain
unresolved, the most important of which is whether
m-Numb and Nbl indeed maintain neural progenitor cells
Figure 3. A Model for Mammalian Neurogenesis by enabling them to divide asymmetrically. Nbl is ex-
In divisions by neural stem cells (S) and neuronal progenitor cells (P), pressed at very low levels in neural progenitor cells
reiterative use of asymmetric m-Numb and Nbl segregation enables and, therefore, whether the protein is asymmetrically
both populations to be maintained while producing neurons (N) at localized and segregated remains uncertain. Ultimately,
the same time. Unlike stem cells, neuronal progenitor cells have
the greatest challenge for researchers in this area ofonly limited self-renewal capability.
mammalian neural development is to elucidate how cell-
intrinsic and cell-extrinsic developmental cues are inte-
grated to produce neurons (and glia) of specific types,phology of the two sibling neurons. If mouse Numb ho-
at precise times, and in correct numbers.mologs indeed act like their Drosophila counterpart, an
attractive model that could account for the neurogenesis
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Due to the unparalleled diversity of neural cell types,
the mechanisms that regulate mammalian neurogenesis
are likely to be inherently more complex than those of
simpler systems such as Drosophila. In the mammalian
nervous system, birth order and asymmetric division
